To compare the efficacy and safety of Technosphere insulin (TI) and insulin aspart in patients with type 1 diabetes.
with rapid kinetics may address some of these concerns and could provide important therapeutic options for individualized diabetes management.
Technosphere insulin (TI) (MannKind Corporation, Valencia, CA) is a dry powder formulation of regular human insulin adsorbed onto Technosphere microparticles for oral inhalation. The primary component of Technosphere particles is the excipient fumaryl diketopiperazine (FDKP), which is highly soluble in water at neutral and basic pH. Under acidic pH, FDKP undergoes intermolecular self-assembly and crystallizes into microparticles (median diameter ;2-2.5 mm) (7) . Upon inhalation, these microparticles can reach the deep lung where they dissolve rapidly because of the physiological pH, allowing absorption of insulin and FDKP into the systemic circulation with a time to maximum serum insulin concentration of ;12-15 min (8, 9) . FDKP is excreted unchanged in the urine (10) . TI is delivered through the Gen2 inhaler device. The Gen2, which replaced the previous device MedTone, is smaller, simpler, and more efficient (i.e., uses less TI than the MedTone inhaler to provide the same insulin exposure, and only one inhalation per cartridge is necessary).
The objective of the current study was to demonstrate noninferiority of TI delivered through the Gen2 inhaler in combination with basal insulin (TIGen2 group) to insulin aspart in combination with basal insulin (insulin aspart group) in its effect on HbA 1c in patients with type 1 diabetes. In addition, the study compared the pulmonary safety in patients receiving TI when administered through the TI-Gen2 or TI-MedTone inhalers.
RESEARCH DESIGN AND METHODS
This study was a randomized, multicenter, 24-week trial. Adults $18 years old with type 1 diabetes for at least 12 months with HbA 1c 7.5-10.0% (58. .0 mmol/mol) participated in the U.S., Russia, Ukraine, and Brazil between February 2011 and May 2013. Inclusion criteria were nonsmoking for the preceding 6 months, BMI #38 kg/m 2 , forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC) $70% predicted (11) , and stable insulin dose (,2 IU/kg/day) with fasting plasma glucose (FPG) ,220 mg/dL for 3 months before screening. Exclusion criteria were significant pulmonary disease, significant abnormalities on chest X-ray, malignancy within 5 years, severe complications of diabetes, or two or more severe hypoglycemic episodes within 6 months.
This study was approved by appropriate independent ethics committees or institutional review boards and monitored by an independent Data Safety Monitoring Board. All patients provided written informed consent.
Randomization was stratified by region (U.S., Brazil, and Russia/Ukraine) and basal insulin (insulin glargine, insulin detemir, or NPH insulin) with block sizes of six. During a 4-week basal insulin optimization period, all patients continued their preenrollment basal insulin, converted their prandial insulin to insulin aspart, and titrated their dose of basal insulin every 3 days, targeting an FPG of 100-120 mg/dL. Patients reaching FPG ,180 mg/dL at the end of this 4-week period were randomized 1:1:1 to TI-Gen2, TI-MedTone, or insulin aspart.
Patients randomized to insulin aspart continued the aspart dose used during basal optimization. Patients randomized to TI converted to a starting TI dose administered at the beginning of a meal or up to 20 min after starting a meal according to a conversion table based on 10 units TI-Gen2 per ;4 units insulin aspart (Supplementary Table 1 ). For the first 12 weeks of randomized treatment, prandial doses in each group were adjusted weekly. Patients randomized to insulin aspart targeted average premeal self-monitored blood glucose (SMBG) values of 100-120 mg/dL (Supplementary Table 2 ); patients randomized to TI targeted average 90-min postmeal SMBG values of 110-160 mg/dL (Supplementary Table 3 ). TI patients were instructed to take a supplemental dose (10 units TI) at the time of the reading if a 90-min postmeal SMBG value was $180 mg/dL. Aspart patients were also advised that additional dose adjustments may be made based on meal size, carbohydrate content, or SMBG results. Dosing was kept stable except for safety reasons during the final 12 weeks of randomized treatment. After 24 weeks of randomized treatment, patients converted back to insulin aspart and were followed for another 4 weeks to assess pulmonary safety.
The primary efficacy end point was change in HbA 1c from the end of basal optimization (baseline) to week 24 in the TI-Gen2 and insulin aspart groups. Key secondary efficacy end points were the proportion of patients achieving HbA 1c #7.0% (53.0 mmol/mol), proportion of patients achieving HbA 1c #6.5% (47.5 mmol/mol), change in FPG from baseline to week 24, seven-point plasma glucose profile (before meals, 90 min after meals, and bedtime) based on SMBG values, and change in body weight.
The primary safety end point was change in FEV 1 from baseline to week 24 in the TI-Gen2 and TI-MedTone groups. Spirometry (FEV 1 and FVC) was performed according to American Thoracic Society and European Respiratory Society guidelines. Safety assessment also included incidence and event rates of hypoglycemia. Nonsevere hypoglycemia was defined as SMBG ,70 mg/dL or symptoms of hypoglycemia; severe hypoglycemia was an event in which the assistance of another individual was required. Other safety assessments included adverse events (AEs), vital signs, electrocardiograms, laboratory values, and physical examinations. Anti-insulin antibody levels, measured using radioimmunoassay (Kronus, Star, ID), were reported in Kronus units.
Three hundred fourteen patients were targeted to be randomized to TIGen2 and insulin aspart groups, which would provide 90% power, using a one-sided a of 0.025 and an SD of 1.0 for a noninferiority design to test the difference in change from baseline to week 24 in HbA 1c between the two groups. This assumes a noninferiority margin of 0.4% and a dropout rate of 15%.
The full analysis set, defined as all randomized patients, was used for efficacy analyses. The safety population, defined as patients who had at least one dose of study medication (based on treatments each subject received), was used for safety analyses. All analyses were predefined in the statistical analysis plan. No imputation was applied unless otherwise specified.
Noninferiority was assessed using a mixed-model repeated-measures (MMRM) analysis, with HbA 1c measurement as the dependent variable and explanatory variables of region, basal stratum, visit (categorical time), treatment, and visit by treatment as fixed effects, patient as a random effect, and baseline HbA 1c as covariate. Sensitivity analyses were also performed to evaluate the impact of missing data. The primary safety comparison, change in FEV 1 from baseline to week 24 in the TI-Gen2 versus the TI-MedTone group, was analyzed using the MMRM model, with baseline pulmonary function test (PFT) value, height, and age as covariates; treatment, race, sex, visit (categorical time), and visit by treatment as fixed effects; and subject as a random effect. Table 4 . Patient demographic and baseline characteristics were balanced among the groups. Mean baseline HbA 1c was ;7.95% (;63.4 mmol/mol). Of the randomized patients, 130 (74.7%) in the TI-Gen2 group, 151 (88.8%) in the insulin aspart group, and 138 (79.3%) in the TI-MedTone group completed the 24-week treatment period. Dropout rates in the TI-Gen2, insulin aspart, and TI-MedTone groups were 25.3%, 11.2%, and 20.7%, respectively, primarily due to withdrawal of consent for personal reasons (e.g., moving, changing jobs) in all groups, whereas withdrawal because of an AE occurred only with TI (Supplementary Fig. 1 ).
RESULTS

Patient disposition is shown in
The mean change in HbA 1c at week 24 was -0.21% (-2.3 mmol/mol) from a baseline of 7.94% (63.3 mmol/mol) for the TI-Gen2 group and -0.40% (-4.4 mmol/mol) from a baseline of 7.92% (63.1 mmol/mol) for the insulin aspart group based on MMRM analyses ( Table  1) . The between-group difference was 0.19% (2.1 mmol/mol) (95% CI 0.02-0.36), which satisfied the predefined noninferiority criterion (,0.4%). Assessment of the per-protocol population also supported noninferiority (Supplementary Table 5 ). HbA 1c levels declined by ;0.6% in both groups during basal optimization, continued to decrease in the first 12 weeks of randomized treatment (slightly more in the insulin aspart group), and then remained stable during the 12-week stable dosing period (Fig. 1A) .
During randomized treatment, the mean dose of daily basal insulin increased by ;5 units in the TI-Gen2 group (31.7 units at baseline to 36.8 units at week 12) and ;2 units in the OR, odds ratio. *Assessed using MMRM analysis. †Assessed using logistic regression analysis. ‡Assessed using ANCOVA. §Incidence was based on the safety population, which was 174 for the TI-Gen2 group and 171 for the insulin aspart group. Incidence was assessed using logistic regression analysis. Event rate was assessed using negative binomial analysis.
insulin aspart group (28.7 units at baseline to 30.8 units at week 24) (Fig. 1B) . The mean daily prandial insulin aspart dose started at 23.5 IU at randomization and increased 9.1% during the first 12 weeks of randomized treatment. The mean daily prandial dose in the TI-Gen2 group was 75.0 units at randomization (10-unit cartridge of TI-Gen2 = ;4 units of rapid-acting insulin analog [RAA]) (Supplementary Table 1 ). The dose increased to 107.4 units at week 12 and then remained stable for the next 12 weeks (Fig. 1C) . Approximately 60% of patients in each treatment group took at least one supplemental dose in addition to their meal-associated doses; however, overall supplemental dosing was infrequent. At week 24, the adjusted mean change in FPG levels was -25.3 mg/dL with TI-Gen2 and 10.2 mg/dL with insulin aspart. The treatment difference in FPG change from baseline to week 24 was statistically significant in favor of TI-Gen2 (-35.4 mg/dL, P = 0.001) ( At baseline, seven-point glucose profiles were higher at every time point for the TI-Gen2 group than for the insulin aspart group; this difference was also seen at week 24, except for a lower prebreakfast value in the TI-Gen2 group (Fig. 1D) . A progressive increase in SMBG values throughout the day was noted for both groups at baseline and week 24; this increase was greater in the TI-Gen2 group. TI patients had a small weight loss (-0.4 kg) compared with a gain (+0.9 kg) for aspart patients (P = 0.0102) ( . Cough resolved when TI was discontinued. In both the TI-Gen2 and TI-MedTone groups, the percentage of patients reporting new-onset cough was highest in the first week after treatment initiation (19.5% and 13.3%, respectively) and then decreased to 4.1% and 2.3%, respectively, during week 2, and to 0% and 0.5%, respectively, by week 8.
Over 24 weeks, all groups had small declines from baseline in mean FEV 1 (TI-Gen2, -0.07 L; TI-MedTone, -0.08 L; insulin aspart, -0.04 L). The decline was greater in the inhaled insulin groups, but this difference resolved by the follow-up visit 4 weeks after discontinuation of treatment (Fig. 2) . A similar pattern was seen in FVC results (data not shown).
The hypoglycemia event rate, regardless of severity, as well as the incidence of severe hypoglycemia was lower in the TI-Gen2 group than in the insulin aspart group (P , 0.0001 and 0.0156, respectively) ( Table 1) . Over the course of the study, the event rate for severe hypoglycemia was 44% lower in the TI-Gen2 group (8.1 vs. 14.5 events/100 patient-months for TI vs. insulin aspart), but the difference was not statistically significant (P = 0.1022). Both nonsevere and severe hypoglycemia event rates in the TI-Gen2 group were consistently lower regardless of the achieved HbA 1c value at week 24 ( Fig. 3A and B) and after adjustment for HbA 1c change from baseline to week 24 (Fig. 3C) . Similarly, the hypoglycemia rate was lower in the TI group after HbA 1c was added to the statistical model used in the data analysis (Supplementary Table 7) . Furthermore, the timing of the hypoglycemia events with TI paralleled its rapid kinetics; hypoglycemia event rates within 2 h postmeal were comparable between TI and insulin aspart but were two-to threefold higher in the insulin aspart group .2-5 h after meals (Fig.  3D) .
At week 24, median insulin antibody levels increased in the TI-Gen2 group (9.3-30.9 Kronus units/mL from baseline to week 24) and the TI-MedTone group (8.6-41.1 Kronus units/mL from baseline to week 24) and remained unchanged in the insulin aspart group (8.7-8.9 Kronus units/mL from baseline to week 24). No differences were seen in the type or incidence of AEs or changes in HbA 1c in patients at the top 10th percentile of insulin antibody increase and the overall trial population. There were no clinically meaningful changes in other laboratory values, vital signs, physical examinations, or electrocardiogram results.
CONCLUSIONS
The results of this trial demonstrate that a regimen of prandial TI in combination with basal insulin is noninferior to a standard regimen of basal insulin plus prandial RAA for reducing HbA 1c in patients with type 1 diabetes. The mean reduction in HbA 1c was greater in the insulin aspart group than in the TI group, and more patients in the insulin aspart group achieved HbA 1c goals of #7.0% (53.0 mmol/mol) and #6.5% (47.5 mmol/mol). Certain factors may have contributed to these differences. The trial compared a basal-bolus regimen using a novel inhaled agent (TI) to that of a standard-of-care injectable comparator (insulin aspart) under conditions that would optimize the comparator treatment regimen. After randomization, the insulin aspart group continued the basal-bolus regimen that all patients received during basal optimization. Approximately 40% of patients used insulin aspart in clinical practice (before trial entry). In comparison, the inhaled insulin group switched to an unfamiliar regimen and titration scheme (based on 90-min postprandial rather than premeal SMBG values). Study design elements, including a new titration scheme along with less insulin available 2-5 h after the meal with inhaled insulin, could account for this HbA 1c difference. Optimization of the basal dose could potentially decrease this difference between inhaled insulin and RAA.
Consistently less hypoglycemia was observed in TI patients than in insulin aspart patients. The greatest difference was observed in the .2-5-h period after the meal. This analysis of hypoglycemia rate as a function of time after a meal indicates that the lower hypoglycemia rate associated with TI resulted from its rapid kinetics. Maximum plasma drug concentration occurs sooner with TI (12-15 min) than with RAA (45-60 min) (8, (12) (13) (14) . Similarly, the time to return to baseline drug concentration (180 min vs. .300 min) and time to baseline glucose lowering effect (240 min vs. 300-360 min) is also less with TI than with RAA. HbA 1c reduction was 0.19% less in the TI group than in the insulin aspart group. However, the hypoglycemia advantage of TI over insulin aspart was maintained, even after adjusting for the different levels of achieved HbA 1c at week 24 and when including change from baseline in HbA 1c in the statistical model. Thus, the small between-group difference in HbA 1c reduction favoring the insulin aspart group could not entirely explain the beneficial effect on hypoglycemia seen with TI. Rather, at least a part of the hypoglycemia advantage is likely to result from the more rapid kinetics of TI. Although a small HbA 1c reduction was seen in both groups, a small weight reduction was seen in the TI-Gen2 group, whereas a statistically significant weight gain occurred for the insulin aspart group. Although the mechanism is not known with certainty, reduced concern about hypoglycemia may lead to less "defensive" eating (15) .
There was a decrease in FPG for the TI-Gen2 group compared with an increase in the insulin aspart group. Again, the mechanism is not known, but it has been observed previously with TI and with another inhaled insulin (16, 17) . A canine model suggested that it might be due to better peripheral glucose utilization after delivery of inhaled insulin (18). Except for the prebreakfast (FPG) value, seven-point glucose values were greater for the TI-Gen2 group than for the insulin aspart group at all other points. SMBG values increased throughout the day in both treatment groups.
During the 24-week randomized treatment period, basal insulin doses increased in both the TI-Gen2 and the insulin aspart groups but increased by 3 units more in the TI-Gen2 group. This finding is not unexpected because duration of action of TI is shorter than that of insulin aspart. The need to increase the dose of the basal insulin in a basal-bolus regimen was similarly observed when RAAs with a relatively shorter time action profile compared with regular human insulin were introduced in the basal-bolus treatment regimen (19) (20) (21) . When basal insulin dose was included in the statistical model used for assessing the change in HbA 1c , noninferiority of the TI group relative to the insulin aspart group was maintained (Supplementary Table 8 ). Patients in both the TI-Gen2 and the insulin aspart groups continually titrated their prandial insulin doses during the first 12 weeks of the randomized treatment period. There was a greater increase in the TI dose partly because the protocolrecommended conversion ratio (one 10-unit cartridge of TI per 4 units insulin aspart) was intentionally conservative to maximize safety during the switch from injected to inhaled insulin.
This study included a direct comparison of pulmonary function in patients receiving TI through the Gen2 or MedTone inhalers. The changes in both FEV 1 and FVC observed during treatment with either inhaler were small. No association was noted with either FEV 1 or FVC changes and mean TI dose, age, sex, race, or cough status; mean changes in FEV 1 and FVC were not driven by a small number of subjects with large changes (outliers) but by slight shifts in distribution because of a large number of subjects with small changes (data not shown). Furthermore, the changes reversed after discontinuing TI treatment. The changes to FEV 1 and FVC were unlikely to be clinically significant. The higher incidence of cough with the Gen2 inhaler was most likely a result of the greater amount of powder being inhaled in a single inhalation with Gen2, whereas with MedTone, the amount of powder inhaled per dose is distributed over two inhalations. Overall, the pulmonary findings in this study are consistent with data collected throughout the TI development program describing the pulmonary tolerability and safety of TI (12) . All adults, whether they have diabetes, demonstrate a decline in pulmonary function with age. There is some evidence that the decline in pulmonary function in patients with diabetes is greater than that of the general population (22) . In clinical trials of TI of up to 2 years duration, small (40 mL or ;1-1.5%) nonprogressive treatment group differences in PFT decline are observed, which disappear after TI is discontinued. These results suggest that the observed changes in PFTs are of limited clinical significance. Longer studies (.5 years) are being conducted to evaluate PFT changes associated with longterm use of TI.
The potential impact of dropouts on the noninferiority analysis was assessed using multiple statistical models. First, the analysis method (MMRM) is a preferred model for addressing missing data (23,24). Analyses performed based on the completers population or the conventional last observation carried forward imputation method confirmed the conclusion from the primary MMRM analysis based on the full analysis set. Furthermore, sensitivity analyses, such as pattern mixture and multiple imputation analyses, concluded that the impact of missing data is insignificant to the conclusion of noninferiority. Importantly, in all analyses, the average HbA 1c level was maintained with the TI regimen over the 24-week randomized treatment period, with no clinically significant loss of glycemic control. During the 4-week follow-up phase after patients converted back to prandial insulin aspart, mean HbA 1c levels were maintained with no clinically significant change in the rate of hypoglycemia, although the difference in hypoglycemia rate between TI and aspart started to diminish (Supplementary Fig. 2 ).
Patients receiving TI experienced an increase in insulin antibodies, but higher antibody levels were not associated with adverse clinical outcomes. The increase in antibody levels has been reported with inhaled insulin and is probably associated with the lungs' immunological properties (25).
In summary, this 24-week study showed that a regimen of prandial TI-Gen2 in combination with basal insulin led to noninferior reductions in glycemic parameters, with weight neutrality and less hypoglycemia compared with subcutaneous aspart. However, TI-Gen2 enabled fewer patients to achieve HbA 1c ,7.0% (53.0 mmol/mol) (18.3% with TI-Gen2 vs. 30.7% with aspart), most likely due to higher glucose levels in the late postprandial period 2-5 h postinhalation. The change in FPG from baseline to week 24 was -25.3 mg/dL with TI-Gen2 vs. 10.2 mg/dL with aspart. TI was associated with a higher incidence of (generally mild) cough (31.6% with TI-Gen2 vs. 2.3% with aspart), which also contributed to discontinuations due to AEs occurring with TI only (TI-Gen2, 16 of 174 [9.2%]; TI-MedTone, 9 of 173 [5.2%]). Thus, TI is an option for prandial insulin in patients with type 1 diabetes who have concerns about hypoglycemia or injection burden. A trial to evaluate long-term pulmonary safety will be conducted.
